During the construction and operational phases of a high-level radioactive waste (HLW) repository constructed in a clay formation, ventilation of underground drifts will cause desaturation and oxidation of the rock. The Ventilation Experiment (VE) was performed in a 1. calcite and siderite, precipitation of ferrihydrite, dolomite and gypsum and cation exchange. pH in the unsaturated rock varies from 7.8 to 8 and is buffered by calcite. Computed changes in the porosity and the permeability of Opalinus clay in the unsaturated zone caused by oxidation and mineral dissolution/precipitation are smaller than 5%. Therefore, rock properties are not expected to be affected significantly by ventilation of underground drifts during construction and operational phases of a HLW repository in clay.
Introduction
Clay formations have been selected as candidate host rocks for high-level radioactive waste (HLW) disposal in deep geological repositories. Underground drifts will be subjected to ventilation during the construction and operational phase of a HLW repository. If carried out over significant periods of time, ventilation could cause desaturation of the rock adjacent to the drifts which in turn could have a detrimental effect on physical and geochemical rock properties. The Ventilation Experiment (VE) test was performed at the Mont Terri underground research laboratory (Switzerland) to investigate and evaluate the potential impact of ventilation on hydraulic, mechanical and chemical conditions of consolidated Opalinus clay (Mayor et al., 2005) . Mayor et al. (2007) presented a hydromechanical model of VE using CODE_BRIGHT (Olivella et al., 1996) . This model which accounts for evaporation at the rock-air interface led to the conclusion that thermal and hydraulic rock characteristics will not be affected significantly by ventilation except in a narrow ring around the surface of the tunnel having a thickness smaller than 30 cm where saturation degree of the rock is smaller than 95%. Mayor et al. (2007) documented uncertainties in the turbulence factorused to quantify vapor flux at the rock-air interface. Mayer et al. (2007) presented a two-phase flow model of VE which was solved with TOUGH2 (Pruess et al., 1999) and used it to derive the hydraulic properties of the excavation damaged zone (EDZ) and Opalinus clay.
They found that rock desaturation extends up to a radial distance of about 1.35 m from the tunnel wall. The driest zone having saturation degrees smaller than 95% has a thickness of 40 cm measured from the tunnel wall. Mayer et al. (2007) determined also that EDZ matrix permeability does not differ strongly from that of undisturbed rock. Fernández-García et al. (2007) presented a hydrogeological model of VE using MODFLOW (McDonald and Harbaugh, 1984) to estimate effective regional-scale hydraulic conductivity of Opalinus clay taking into account EDZ and rock desaturation.
There are numerous studies of pore water chemistry in Opalinus clay at Mont Terri (Pearson et al., 2003) . Their results show that desaturation of Opalinus clay by ventilation causes pyrite oxidation and dissolution/precipitation of mineral phases. However, there are no reported models of desaturation and geochemistry in Opalinus clay.
A multiphase flow and multicomponent reactive transport model of VE is presented here.
The multiphase flow model is based on the model of Mayor et al. (2007) and is calibrated with relative humidity, vapor flux and liquid pressure data. The reactive transport model is based on the geochemical model of Pearson et al. (2003) and is calibrated using mineralogical and aqueous extract data from Fernández et al. (2006) . The inverse hydrochemical model of Zheng et al. (2008) is used to estimate the chemical composition of pore water of clay samples from aqueous extract data. The model is used to evaluate changes in porosity and permeability of the rock caused by mineral dissolution/precipitation. The paper starts by describing the main features of VE.
Conceptual and numerical multiphase flow and reactive transport models of VE are then presented.
Finally, model results are described and main uncertainties and conclusions are discussed.
Ventilation Experiment
VE was carried out in a 1.3 m diameter unlined horizontal microtunnel at Mont Terri underground laboratory in Switzerland. The microtunnel was excavated in 1999 within the shaly facies of the Opalinus formation. It runs subhorizontal in a NW-SE direction (with a dip of about 2º towards SE) and is oriented perpendicular to the rock bedding strike . A 10 m long section of the tunnel was sealed by two doors and subjected to several desaturation phases by prolonged ventilation (Figure 1 ). VE involved several ventilation and resaturation phases (Table 1 ).
The first 3 phases included the background period which goes from microtunnel excavation in 1999 to the beginning of the controlled ventilation in June 2003. The following 3 phases corresponded to the first ventilation period which was divided into three stages with decreasing relative humidities (phases 4, 5 and 6). Phase 4 was used to achieve initial quasi-saturated conditions in the rock while phases 5 and 6 were intended to desaturate the rock with strong ventilation with dry air (Table 1) .
Rock resaturation took place during phases 7 and 8. Phase 9 of VE started on July 1, 2005 and corresponded to a second ventilation period.
The main objectives of VE include: 1) Estimation of desaturation and resaturation times in Opalinus clay by drift ventilation; 2) Estimation of saturated hydraulic conductivity of the rock; 3) Estimation of EDZ and its time evolution in terms of changes in hydraulic conductivity and displacements induced by drying; 4) Characterization of hydraulic properties of the rock under saturated and unsaturated conditions; 5) Geochemical characterisation of desaturated zone; and 6) Calibration and validation of hydromechanical and geochemical models (Mayor et al., 2005) .
Ventilation was performed by circulating air with specified relative humidity, RH in and temperature, T in at a flux rate Q in . Air was injected at one of the ends of the VE tunnel through an inflow pipe and evacuated at the other end of the test section with an outflow pipe. Values of Q out , RH out and T out were measured in the outflow pipe by flow meters and temperature and relative humidity sensors. Values of Q in , RH in and RH out in each phase are listed in Table 1 . Relative humidity and temperature of the air inside the test area were recorded with 4 hygrometers. The evaporation of free water was measured in 2 water pans. The rock around the VE section was instrumented up to a depth of about 2 m with 24 mini-piezometers, 16 capacitive hygrometers, 16 psychrometric hygrometers, 8 mini-extensometers and 5 electrode chains located in 9 cross-sections to monitor rock displacement, water potential, water content and temperature. Hydraulic and mechanical data were monitored during desaturation and saturation phases. Pore water chemical composition was measured at the end of desaturation phase 6 and resaturation phase 8 by aqueous extract tests (Fernández et al., 2006) . Air temperature in the VE tunnel remained nearly constant around 15-16 ºC. A detailed discussion of the ventilation system and the monitoring system can be found in Mayor et al. (2005 Mayor et al. ( , 2007 .
Several boreholes (BVE) were drilled on the rock around the VE for geochemical characterization at different phases. Boreholes BVE-85 and BVE-86 were drilled at the end of the first ventilation period (phase 6). After the resaturation period (phase 8) 5 boreholes BVE-96, BVE-97, BVE-98, BVE-99 and BVE-100 were drilled inside the VE area while BVE-101 and BVE-102 were drilled outside the VE area ( Figure 2 ). Most of these boreholes are horizontal and sub-parallel to the bedding. Only BVE-85 has a vertically down orientation and BVE-100 is perpendicular to bedding. Borehole lengths range from 1.45 to 2 m and have a diameter of 8 cm (Fernández et al., 2006) . Samples of the Opalinus clay from drillcores of boreholes BVE-97, BVE-99, BVE-100, BVE-101 and BVE-102 were collected at different depths to determine clay physico-chemical parameters. After drilling, drillcores were wiped to remove any drilling fluid on the core surfaces.
Unaltered core samples were immediately packed in aluminum-foil bags, flushed with argon gas to displace atmospheric gases and sealed after applying vacuum. A second layer of aluminum-foil was placed and, finally, core samples were wrapped with air-evacuated and durable plastic bags to ensure full protection and prevent any loss of moisture before the laboratory chemical analyses.
Once at CIEMAT laboratories in Madrid (Spain) samples were taken using a knife to avoid sampling the outer part disturbed by core drilling (Fernández et al., 2006) . Pore water chemical composition was obtained from aqueous extract tests (AET) performed on samples collected from boreholes BVE-97, BVE-99, BVE-100, BVE-101 and BVE-102 (Fernández et al., 2006) . On the other hand, only chloride and sulphate data are available in boreholes BVE-85 and BVE-86 (Traber, 2004) . 
where m and q are the mass and the total mass flux of water (i = w), air (i = a), and heat (i = h), respectively, and r is a source/sink tem. Total mass of water is given by
while mass flux of water is computed from
where φ is porosity, S l and S g are liquid and gas saturation degrees, respectively, ρ is density, X is mass fraction, q is Darcy velocity, and j is diffusive flux. Superscripts w and v denote water and vapor, respectively. Subscripts l and g denote liquid and gas phases, respectively. Mass m a and flux of air, q a tot, are given by
Water and air fluxes are computed from
where subscript m applies to both liquid (l) and gas (g) phases, superscript n refers to air (a) and vapor (v)components, K i is the intrinsic permeability tensor, k r is the relative permeability, µ is the viscosity, P is the pressure, g is the gravitational acceleration, z is the vertical coordinate, and v a D is the vapor diffusivity tensor.
Evaporation is quantified with an approximate Dalton-type equation similar to that commonly used for modeling soil evaporation which involves a turbulence exchange factor (Ward Wilson et al., 1994) . Usually, the turbulence factor increases linearly with wind velocity. Model results are highly dependent on the values adopted for the turbulence factor at the rock-air interface. 
where C j , P j , W j and Y j are total dissolved, precipitated, total exchanged and total sorbed concentrations of the j-th component, respectively, r i is the sink term, 
where r e and r c are the evaporation and condensation rates, respectively and D j is the dispersion tensor which is given by
where I is the identity tensor, D h is the mechanical dispersion tensor and D e is the effective diffusion coefficient which is assumed to be the same for all chemical species.
Chemical reactions
The geochemical model includes the following reactions: aqueous complexation, acid-base, (Wolery, 1992) . The main mineral phases controlling the chemistry of Opalinus pore water are quartz, calcite, dolomite, gypsum and ferrihydrite (Pearson et al., 2003) . Dissolution/precipitation of these minerals is assumed here to proceed at local equilibrium. Dissolution of pyrite and siderite is computed by using kinetic laws (Williamson and Rimstidt, 1994; Xu et al., 2006) . Mineral equilibrium and aqueous complexes constants are taken from the EQ3/6 database (Wolery, 1992) . The Gaines-Thomas convention is used for cation exchange (Gaines and Thomas, 1953) . Selectivity coefficients for cation exchange reactions are taken from Pearson et al. (2003) . Table 2 lists equilibrium constants for aqueous complexes, minerals and gases and selectivity coefficients for cation exchange reactions.
Numerical model
The model 
where s is suction in kPa.
Longitudinal dispersivity is 0.12 m while the effective diffusion coefficient, D e , is equal to 1.73×10 -11 m 2 /s for all chemical species.
Except for dissolved oxygen, the initial chemical composition of Opalinus clay pore water was inferred from aqueous extract data of undisturbed samples taken from radial distances greater than 0.8 m in boreholes BVE-97, BVE-99, BVE-100, BVE-101 and BVE-102 (Table 3) . Aqueous extract data were interpreted with the inverse hydrochemical model of Zheng et al. (2008) by assuming that the initial clay pore water is in equilibrium with quartz, calcite, dolomite and pyrite.
The latter phase controls the initial redox potential which is equal to 0.09 V and the concentration of O 2 (aq) which is equal to 4.3·10 -51 M (Table 3 ). The concentration of dissolved Cl -in Table 3 corresponds to the case that chloride is not affected by anion exclusion.
Initial volume fractions of minerals used in the model (Table 4) were taken from Pearson et al. (2003) . The cation exchange capacity (CEC) in the Opalinus clay is 11.68 meq/100g, a mean value of three measured CEC presented in Pearson et al. (2003) . The model assumes a constant temperature of 15 ºC and extends over all 9 phases of VE.
It is known that dissolved Cl -in clay media exhibits anion exclusion because it can only access a part of the total porosity. Standard multicomponent reactive transport models usually disregard anion exclusion because it is not straightforward to maintain electroneutrality or charge balance when anion exclusion is considered. The relevance of anion exclusion for Cl -has been analyzed by considering the following two values of accessible porosity equal to: (1) The total porosity (no anion exclusion) and (2) 54% of total porosity (anion exclusion). Such cases were solved with two independent models. The first one considers the transport of a single conservative species with an accessible porosity equal to 54% of the total porosity. The second model is a multicomponent reactive transport model in which all species including Cl -can access all the porosity. In this case, the maximum charge balance error is 5.8%.
For transient flow with variable water content, anion exclusion is assumed to vary linearly with water content, l θ , so that accessible water content, la θ , is updated according to:
where a φ is accessible porosity and φ is total porosity. Anion exclusion is expected to become less relevant when concentrations increase due to water evaporation. However, the linear relationship in Eq. (13) is a good approximation for the VE model because computed relative humidities at the rock surface are always greater than 85% and therefore the rock does not get very dry.
Code description
The multiphase flow and reactive transport model of VE has been performed with
INVERSE-FADES-CORE
2D (Zheng and Samper, 2004) , a code which solves both forward and inverse multiphase flow and multicomponent reactive transport problems in 1-, 2-and 3-D axialsymmetric porous and fractured media. This code integrates the capabilities of FADES (Navarro and Alonso, 2000) , CORE 2D (Samper et al., 2003a) and INVERSE-CORE 2D (Dai and Samper, 2004) . State variables of forward model are temperature and liquid and gas pressures which are solved by using an iterative Newton-Raphson method. Reactive transport equations are solved with a sequential iteration method. The inverse problem is solved by minimizing a generalized leastsquares criterion with a Gauss-Newton-Levenberg-Marquardt method (Dai and Samper, 2004) .
Forward routines of INVERSE-FADES-CORE 2D have been widely verified with analytical solutions and validated by applying them to the simulation of THC and THMC problems (Samper et al., 2006c; Zheng, 2006; Samper et al., 2008a) . Codes of CORE 2D (Samper et al., 2003a) series have been used to model laboratory tests and field case studies (Samper et al., 2003b; Molinero et al., 2004; Dai and Samper, 2004; Molinero and Samper, 2006; Samper et al., 2006a,b; Zhang et al., 2008; Samper et al., 2008b) , evaluate the long-term geochemical evolution of HLW repositories in clay (Yang et al., 2007) and granite (Yang et al., 2008) , analyze stochastic transport and multicomponent competitive cation exchange in aquifers and study concrete degradation (Galíndez et al., 2006) .
Model results

Hydrodynamic model results
The numerical solution obtained with INVERSE-FADES-CORE 2D (Dai and Samper, 2004) was compared with those of Mayor et al. (2007) computed with CODE-BRIGHT (Olivella et al., 1996) . Liquid and gas pressures and temperatures computed with INVERSE-FADES-CORE 2D are similar to those obtained with CODE-BRIGHT. There are some small differences between both models which are caused mainly by the fact that the model of Mayor et al. (2007) is 2D in a vertical plane while ours is 1D axy-symmetric. Initial values of the turbulence factorin Eq. 8 for phases 6 and 7 were taken from Mayor et al. (2005) . Later, their values were modified during the calibration of the model (see Table 1 ). kPa .
Although computed rock outflows reproduce the general trend of measured data at the end of phase 6, model results overestimate measured data ( Figure 6 ). Computed rock outflow is 2.66 g/m 2 h, while measured data is 1.8 g/m 2 h. The value computed by Mayor et al. (2007) at the end of phase 6 is 3.41 g/m 2 h. Computed relative humidity near the rock surface overestimates significantly measured data (Figure 7 ). Computed relative humidity at the tunnel surface at the end of phase 6 is almost 85%, while the mean value from hygrometer measurements is 62.5%. The computed value of Mayor et al. (2007) at the end of phase 6 is equal to 83%. Overestimation of relative humidities could be related to uncertainties in the turbulence factor. However, computed relative humidities reproduce the trend of measured data at a radial distance of 0.25 m ( Figure 5 ).
Testing computed concentrations with inferred data
Chemical data obtained from aqueous extract tests ( AET data (Bradbury and Baeyens, 1998; Sacchi et al. 2001; Zheng et al., 2008) . Measured AET data must be re-interpreted to infer the pore water chemical composition of the clay samples. The inverse hydrochemical model of Zheng et al. (2008) was used to infer the chemical composition of 41 samples at different depths in boreholes BVE-97, BVE-99 and BVE-100.
The effect of in situ oxidation and evaporation on sulphate concentration was modelled by relating the changes in the partial pressure of oxygen, P O2 , to changes in liquid saturation, S l . For liquid saturation degrees below 90%, P O2 is assumed to be equal to the atmospheric oxygen pressure.
The following linear expression is used to relate Log P O2 to S l when 90 < S l < 100:
where a and b are parameters which initially are equal to 2 and -20, respectively and later are adjusted during model calibration. The model assumes that the system is open to CO 2 in the desaturated zone where the partial pressure is fixed equal to 10 -3.5 bar and the supply of CO 2 is assumed infinite.
Chloride may suffer anion exclusion. Two values of accessible porosity were considered: (1) 0.160 (no anion exclusion) and (2) The radial distribution of cumulative pyrite dissolution/precipitation at the end of phases 3, 6
and 8 shows that pyrite was oxidized throughout phases 6 to 8 due to in-diffusion of oxygen.
Oxidation takes place also during the resaturation phase 8 (Figure 11) The specific area of siderite was taken equal to 0.095 m 2 /g (Xu, et al., 2006) while that of pyrite was 0.16 m 2 /g, slightly larger than the value reported by Williamson and Rimstidt (1994) (1 )
where 0 K and 0 φ are reference values of permeability and porosity, respectively, and K is the permeability for a given porosity . φ Permeability changes in Opalinus clay caused by ventilation are smaller than 2%.
The evaporation from the surface of the tunnel induces a desaturated zone where both O 2 and CO 2 can enter. Dissolution of CO 2 in the porewater provides sufficient carbonate for dolomite to precipitate. X-Ray diffraction analyses on samples from VE cores taken after resaturation phase 8 (Fernández et al., 2006) Some of these uncertainties have been evaluated by sensitivity analyses. Sensitivity runs of rock outflow to changes in turbulence factor were performed. Figure 22 illustrates the sensitivity of rock outflow to changes in the turbulence factor of phases 6 and 7. Results are compared for the turbulence factors of Mayor et al. (2005) and those calibrated with the model presented here (see Table 1 ). Clearly, the lower the turbulence factor the lower the rock outflow in phase 6. Sensitivity analyses were performed also for dispersivity and molecular diffusion coefficient. Model results are sensitive to changes in dispersivity around its calibrated value of 0.12 m (Figure 23 ). Concentrations are sensitive to a decrease in the diffusion coefficient but not to an increase of such parameter ( Figure 24 ).
Current multiphase flow and multicomponent reactive transport models disregard anion exclusion for Cl -because they cannot guaranty charge balance. Dual continuum models such as that of Samper et al. (2008b) or that reported by Appelo and Werzin (2007) for tritium, iodide and sodium in Opalinus clay offer a possibility to account for anion exclusion and enhanced cation effective diffusion.
Preserving in situ conditions of core samples before aqueous extraction is not straightforward. As indicated by Sacchi and Michelot (2000) , Sacchi et al. (2001) and Pearson et al. (2003) , oxidation of pyrite may take place on OPA clay cores during core sampling, storage, sample preparation for the aqueous extract tests, and aqueous extraction. The acidity generated by pyrite oxidation results in the dissolution of calcite. The released dissolved Ca 2+ displaces dissolved Na + from exchange sites. The initial chemical composition of OPA pore water at VE in Table 3 was obtained from an inverse interpretation of measured aqueous extract data taken from radial distances greater than 0.8 m (not affected by desaturation). This model considers the oxidation of pyrite during the aqueous extraction, but not the oxidation during sampling, storage and preparation. The initial concentration of dissolved SO 4 2-in Table 3 is an order of magnitude larger than common concentrations of SO 4 2-in Opalinus clay in Mont Terri (Pearson et al., 2003) . In a similar manner, the Na/Cl ratio in Table 3 is greater than 1 while it is normally less than 1 in Mont Terri pore waters.
Oxidation of pyrite in OPA clay cores from VE during core sampling, storage, sample preparation may be responsible for the discrepancies between initial concentrations for VE in Table 3 and those typically found in Opalinus clay at other locations of Mont Terri laboratory. Concentrations in Table   3 may not be representative of initial in situ conditions at VE. Future studies should rely on hydrochemical data from cores not affected by pyrite oxidation.
Conclusions
A Model results allow one to conclude that changes in porosity of Opalinus clay in the unsaturated zone caused by oxidation and mineral dissolution/precipitation are smaller than 5%.
Therefore, ventilation of underground drifts during construction and operational phases of a HLW repository in clay is not expected to affect significantly rock properties. measured data a priori calibrated Fig. 22 . Sensitivity analysis of rock outflow to changes in the turbulence factor of phases 6 and 7. A priori corresponds to the values of Mayor et al. (2005) . Turbulence factors for phases 6 and 7 are listed in Table 1 . Exchanged cations K Na-cation Na + + X-K ⇔ K + + X-Na 0.1995 Na + + 0.5X 2 -Ca ⇔ 0.5Ca 2+ + X-Na 0.0792 Na + + 0.5 X 2 -Mg ⇔ 0.5Mg 2+ + X-Na 0.1256 Na + + 0.5X 2 -Sr ⇔ 0.5Sr 2+ + X-Na 0.0615 
